This study examined the effects of traversing cracks of concrete on chloride diffusion. Three different concretes were tested: one ordinary concrete (OC) and two high performance concretes with two different mix designs (HPC and HPCSF, with silica fume) to show the influence of the water/cement ratio and silica fume addition. Cracks with average widths ranging from 30 to 250 μm, were induced using a splitting tensile test. Chloride diffusion coefficients of concrete were evaluated using a steady-state migration test. The results showed that the diffusion coefficient of uncracked HPCSF was less than HPC and OC, but the cracking changed the material behavior in terms of chloride diffusion. The diffusion coefficient increased with the increasing crack width, and this trend was present for all three concretes. The diffusion coefficient through the crack D cr was not dependent of material parameters and becomes constant when the crack width is higher than ∼80 μm, where the value obtained was the diffusion coefficient in free solution.
Introduction
When reinforced concrete structures are built in marine environments, an important deterioration phenomenon that must be taken into account is corrosion of steel reinforcement due to chloride ions. Corrosion of steel reinforcement may decrease its cross-sectional area and deteriorate the bond between the steel reinforcement and concrete, which subsequently leads to degradation of the performance of the reinforced concrete structure. In general, the penetration of species causing deterioration such as chloride ions, oxygen, and water, into concrete is governed by the quality of the cover concrete. Furthermore, when a crack occurs in the cover concrete, the corrosion of the steel reinforcement may be accelerated because the deterioration causing factors can pass through the crack. In recent years the effect of cracking on the penetration of concrete has been the subject of numerous investigations [1] [2] [3] [4] [5] [6] [7] . All of these studies have clearly indicated that the presence of cracks could contribute to an increase in the diffusion coefficient.
Aldea et al. [8] studied the effect of cracking on water and chloride permeability of concrete. Crack widths under loading ranging from 50 to 250 μm, were obtained using a splitting tensile test. The chloride permeability was evaluated using a rapid chloride permeability test [9] and the water permeability was evaluated by a low pressure water permeability test. The results showed that the chloride permeability increased with the increasing crack width and that the water permeability was significantly more sensitive than the chloride permeability.
Olga et al. [10] examined the effect of crack width and crack wall surface roughness on chloride diffusivity. Crack widths ranging from 80 to 680 μm were obtained using a splitting tensile test. The diffusion coefficient was evaluated using a non steady-state diffusion test [11] . The results indicated that chloride diffusion was independent of both crack width and the crack wall roughness.
François et al. [12] studied the effect of crack opening on local diffusion of mortar. Crack openings ranging from 6 to 325 μm were obtained using a mechanical expansive core. The specimens were exposed to a chloride solution for 15 days and then removed to determine the total chloride concentration perpendicular to crack path. The results showed that the chloride diffusion perpendicular to the crack walls for large cracks (width ≥ 205 μm) was similar to that of the surface. If the cracks that run through the specimens, the studies [5] [6] [7] assumed that the diffusion coefficient in the crack in steady-state conditions was equal to the diffusion coefficient in free solution. Therefore, there is no doubt that cracks in concrete greatly affect the durability of reinforced concrete structures. However the characteristics of chloride ion transportation in cracked concrete have not yet been made clear. This paper reports the results of experimental investigations on chloride transportation in traversing cracks of concrete, factors including material composition (ordinary concrete and high performance concretes with two different mixtures). Traversing cracks of designed widths were induced in the concrete specimen using a controlled splitting tensile test. The average crack widths ranged from 30 to 250 μm. After unloading the chloride diffusion coefficient was evaluated by migration test in steadystate conditions. The diffusion coefficient through the crack was then evaluated by dividing the total chloride diffusion flux of cracked concrete into two flows.
Experimental program

Preparation of the samples
Three concrete mixes were made: one ordinary concrete (OC) with a w/c of 0.5 and two high performance concretes with two different mix designs, the first had a w/c of 0.32 (HPC), the second had a w/c of 0.38 and contains 6% of silica fume (HPCSF) (see Table 1 ). Twenty 110 × 220 mm cylindrical samples were prepared from a single batch for each mix. The concrete mixtures were cast in steel molds and compacted using a mechanical vibrator. The cylindrical specimens were stored in a room maintained at 20°C and about 95% relative humidity (RH) for 24 h after casting, and were cured in water at 20°C for 3 months. They were stored in an air-conditioned room (20°C and RH 50 ± 5%) until testing. The characteristics of these concretes are shown in Table 2 . The open porosity was measured by water saturation. When the specimens were dried, these were placed in a vacuum container with a 2.5 kPa pressure for 4 h. Then, with the vacuum pump still running, the container was filled with water saturated with NaOH (0.025 mol/l) and KOH (0.083 mol/l) in order to immerse the specimen. The vacuum was maintained for 24 h before allowing the air to enter into the container [13] . Concrete cylinders were cut using a diamond blade saw to obtain 50 mm-thick discs. Three were extracted from each cylinder for splitting tensile test. After cutting, the lateral surface of discs was sealed with two epoxy resin coats in order to ensure one-dimensional chloride flow through the discs.
Precracking of samples using controlled splitting test
Controlled splitting tests were used to induce cracks in the specimens. Diametrical loading (i.e. under Brazilian test configuration), is one of the methods for estimating the tensile stress of concrete through indirect tension. This stress mode was applied to the discs (110 mm in diameter and 50 mm in thickness). These discs can be diametrically loaded until obtaining a predetermined lateral displacement (see Fig. 1a ). Two LVDT sensors, with a range of 500 μm and a precision of 1 μm, were used to measure the lateral displacement which is normal to the load axis along the two opposite faces of the disc. Their average was called lateral displacement or crack opening displacement (COD) [14] . The sensors (LVDT) were maintained by two Ubolts clamped to the disc via screw-punch (see Fig. 1 ). Each disc was subjected to 4-10 cycles, in order to obtain various lateral displacements under loading. The desired maximum displacement COD under loading was obtained during the measurement by considering as a reference the previous displacement COD which was recorded 30 min after unloading. This new reference allowed the measurement of crack opening of more than 500 μm. Imposed crack openings under loading were 200, 300, 400, 500, 600 and 700 μm. The loading induced tensile stresses concentrated around the diametrical section perpendicular to the loading plane. The damage was localized and a single crack crossing the disc was generally observed in this plane.
Steady-state migration test
Since diffusion experiments are time-consuming, steadystate migration tests were developed to accelerate chloride ions through the concrete [15] [16] [17] . Each specimen was placed between the two compartments of a cell where flat silicone circular seals ensure that the system is leaktight (Fig. 2) . The solutions were made with NaCl (0.513 mol/l), NaOH (0.025 mol/l) and KOH (0.083 mol/l) in the upstream compartment, and NaOH (0.025 mol/l) and KOH (0.083 mol/l) in the downstream compartment. A 12 V potential difference was applied between the sides of the concrete sample and the test was carried out at temperature T = 20 ± 5°C. The downstream solution was sampled, and samples were titrated with silver nitrate (0.05 M). As the flux became constant, the Nernst-Planck relation allowed us to determine the value of the diffusion coefficient, as in Eq. (1):
where D e is the diffusion coefficient of concrete (m 2 /s), c is the chloride concentration of the upstream compartment (mol/m 3 ) assumed to be constant, J(x) is the flux of chloride ions (mol/ (m 2 s)), z is the chloride ion valency (z = 1), F is the Faraday constant (F = 96480 J/(V mol)), E is the actual potential drop between the surfaces of specimen (V), R is the gas constant (R = 8.3144 J/(mol K)), T is the absolute temperature (K), L is the sample thickness (m) and ν(x) is the velocity of the solute (m/s).
If the concrete is saturated, the velocity of the solute can be neglected. Since the potential drop is ≥ 10 V, ions migrate as primarily as a result of the electrical field rather than of the concentration gradient. This ensures that the diffusion flow can be neglected in the experiments [15] . Eq. (1) can be simplified and then Eq. (2) is obtained:
To establish a steady state, the concentration gradient must be constant during the test. Therefore we had to renew the upstream and downstream solutions frequently.
The evolution of current during testing showed a small increase at the beginning of the test and then a stabilisation for all concretes. For the most cracked concrete, production of chlorine gas was observed at the anode, which was also observed by [5] .
Results and discussion
Effect of splitting tensile stress
This test was carried on six discs of each concrete. These discs were subjected to 4-10 cycles until various lateral displacements under loading of 200, 300, 400, 500, 600 and 700 μm were obtained. After unloading the average crack width on both faces of the discs was obtained through measurements of the crack width at ten points using a videomicroscope with 200 times magnification. Fig. 3 presents the material effect on recovery of the crack width after unloading. Results indicate that all the materials tested exhibited comparable trends for the entire range of crack widths. The mean crack width for OC seems slightly higher than for HPC and HPCSF. A similar result was found by Aldea [8] . This might be explained by the morphology of the cracks (observed by microscopy): OC exhibits a more tortuous crack than HPC and HPCSF. In OC the cracks penetrates the matrix and the interface transition zone of the aggregates, and microcracking of the matrix is also probable, thus resulting in a less elastic material behavior. For HPC and HPCSF the crack penetrate through the aggregates and the matrix. The two HPC mix designs that were tested showed similar behavior in terms of crack recovery. 
Influence of cracking on the steady-state migration test
where V is the volume of solution in the anode compartment (m 3 ), A is the cross-sectional area of concrete (m 2 ), ΔC cl − is the increase of concentration of chloride in the anode (mol/m 3 ), and t is the elapsed time (s), giving ΔC cl − /t as the slope (See Fig. 4 ). The time to penetrate through the specimen is called lag time (T lag ), which is the intersection point of the line with the X-axis. T lag depends on the porosity of concrete and chloride binding [16] . The results obtained in the present study of cracked and uncracked concretes are shown in Fig. 5 . It is apparent that for cracks under 80 μm the results show a transition period and a steady-state period characterised by a constant rate of chloride increase with time. The transition period was dependent on the crack width and on the concrete mixes. A higher crack width produced a shorter transition period and an increase in the slope. These slopes were used to calculate the diffusion coefficient of chloride ions using Eqs. (2) and (3). Fig. 6 presents the variation of lag time versus crack width. The results show that for uncracked concrete T lag of HPCSF is higher than for OC and HPC. A higher T lag may result from a lower porosity. This is an effect of the material. However, for cracked specimen it appears that T lag decreased with increasing crack width and was close to zero for crack widths above 80 μm.
Effect of material and cracking on diffusion coefficient
The effect of the water to cement ratio and the addition of silica fume on chloride diffusion coefficient was significant in this study (Fig. 7) . For uncracked concrete the chloride diffusion coefficient increased with the increase of the porosity: chloride diffusion coefficient of OC was 2.37 that of HPC, and HPC was about 3 times that of HPCSF ( Table 2 ). The addition of silica fume produced concrete with a higher compressive strength and a lower porosity. This induced a better chloride resistance as shown by Sugiyama et al [18] .
The chloride diffusion coefficient D e of cracked samples was increasing with the increasing crack width. The results indicate that the OC, HPC and HPCSF concretes present the same trends. For crack widths b 80 μm, the diffusion coefficient increased moderately compared with that corresponding to uncracked concrete, whereas for crack widths N 80 μm, the diffusion coefficient increased rapidly. The relative increase D/D 0 will be examined in the following section to compare concretes.
Relative increase in chloride diffusion
The variation of the ratio D/D 0 with the average crack width is illustrated in Fig. 8 . D is the diffusion coefficient in cracked specimen and D 0 is the diffusion coefficient in uncracked specimen. D/D 0 of OC was smaller than D/D 0 of other concretes: there was a flow perpendicular to the crack which was not negligible. This was probably due to the higher porosity and crack tortuousity of OC. Therefore, chloride ion penetration through the crack to the inside of the concrete was considered to occur more easily in OC concrete compared with HPC and HPCFS. This essentially means that the effect of cracking on D/ D 0 is more important for dense materials with a low diffusion coefficient for the uncracked material. 
Partition of chloride diffusion flow
The chloride diffusion of these cracked discs was measured perpendicularly to plane faces. Transport properties in other direction have been neglected [10] . To investigate the effect of crack width on chloride penetration, the crack was presumed to propagate across the sample and was delimited by parallel planes perpendicular to the disc faces.
The total chloride diffusion flux of cracked concrete J t (Eq. (4)) can be divided into two flows [6, 7] , as shown in Eq. (5) and Fig. 9: • the flux in uncracked specimen J 0 described by Eq. (6) • the flux in the crack J cr described by Eq. (7)
Where A cr is the crack area and D cr is the diffusion coefficient through the crack.
By replacing Eqs. (5)- (7) in Eq. (4), one finds Eq. (8):
Fig . 10 shows the relationship between the crack width and the diffusion coefficient of chloride ions through the crack determined by Eq. (8) . D cr was increasing linearly with the increasing of crack width from 30 to 80 μm and was almost constant when the crack width was approximately 80 μm or more Eq. (9). This result indicates that D cr is independent of material effects, even if the tortuosity and roughness are different [10] .
The variations of D cr and time lag T lag are also shown in Fig.  11 . T lag reduced with increasing D cr as can be seen for the most cracked specimen where the T lag tends towards to zero, the diffusion coefficient through the crack D cr was almost constant and the value obtained was the diffusion coefficient of chloride in free solution which is about 10 − 9 m 2 /s.
Conclusions
The main conclusions of the present study are:
• Cracks traversing disc specimens can be obtained using a splitting tensile test. • For the entire range of crack widths, for the same COD under load, the crack width of OC was higher than for the two HPC mixes. This might be explained by a higher tortuosity of the cracks in OC, and thus a less elastic response.
• For uncracked concrete the chloride diffusion coefficient of OC was higher by a factor 2.44 compared to HPC, and HPC higher by a factor 3 compared to HPCSF. The result showed that time required before steady state was established for HPCSF is higher than the other concretes.
• The chloride diffusion coefficient D e of cracked samples increases with the increasing crack width, the variation of D e with crack width presents similar trends for all the three concretes investigated. The time to penetrate through the specimen is reduced which is very important to evaluate the initiation of corrosion.
• The ratio of D for cracked over uncracked specimens is lower for OC than for HPC, therefore chloride ion penetration through the crack to inside the concrete is considered to occur more easily in OC than in HPC and HPCSF. This is mainly caused by the higher D for uncracked OC which is related to its more porous and permeable microstructure.
• The diffusion coefficient through the crack D cr can be evaluated using a partition of chloride diffusion fluxes between uncracked concrete and crack volume. D cr increases with the increasing of crack width and was almost constant when the crack width was approximately 80 μm or more. This result indicates that D cr is independent of material effect.
• The diffusion coefficient through the crack D cr is increasing with the decrease in T lag . For T lag close to 0, D cr was almost constant and the value obtained is the diffusion coefficient for chloride ions in free solution.
